Heterologous production of extracellular polyhydroxybutyrate (PHB) depolymerases (PhaZs) has been of interest for over 30 years, but implementation is sometimes difficult and can limit the scope of research. With the constant development of tools to improve recombinant protein production in Escherichia coli, we propose a method that takes characteristics of PhaZs from different bacterial strains into account.
Recombinant protein production is a powerful tool that allows the production of higher levels of proteins in expression systems such as E. coli. Optimized recombinant technologies facilitate purification, the study of proteins in isolation, the conception of a platform to modify and improve them, and the development of new applications. In the case of PhaZs, such applications include biosensors -such as time-temperature indicators [6] and pathogen detection platforms [7] -and recycling of biodegradable polymers [8] .
Examples of expression of rPhaZs in E. coli include PhaZ2-PhaZ3 [9] and PhaZ7 (although for this specific PhaZ better expression was achieved with in Bacillus subtilis WB800) [10] from Pseudomonas lemoignei, and PhaZ from Caldimonas manganoxidans [8, 11] . In some cases, purification of rPhaZs has also been performed:
several PhaZs from P. lemoignei (PhaZ1-PhaZ5) [12, 13] , PhaZ7 and related mutants [14] ), Pseudomonas stuzeri [15] , Alcaligenes faecalis AE122 [16] , Marinobacter sp. NK-1 [17] , Bacillus megaterium N-18-25-9 [18] , Pseudomonas mendocina DSWY0601 [19] , and from Cupriavidus sp. (formerly Alcaligenes faecalis T1) and related mutants [20] [21] [22] [23] [24] . However, these studies each required the development of specific methods for heterologous expression of specific PhaZs. In addition, in many cases affinity tags were not employed, requiring significant additional steps for purification [12, 13, 16, [21] [22] [23] . These factors impede on the rapidity and scope of studies, even limiting comparisons between PhaZs.
In this study, we established a platform for the rapid expression and purification of extracellular rPhaZs. This was demonstrated with five extracellular PhaZs displaying different properties and of various bacterial origins. Predicted solubility and disulfide bonds (necessary for maintaining proper conformation and activity in many proteins [25] ) of the rPhaZs produced were important criteria in selecting the E. coli system, specifically the plasmid vector and expression strains. A single platform with simple ! 3 -Pre-Printstrategies was successfully employed for expression, purification, and preliminary comparison of degradation performance under different conditions.
Materials and methods

Bacterial strains and growth conditions
The bacterial strains used for isolation of the PhaZs, cloning and expression, as well as their growth medium and conditions can be found in Table 1 . Cell growth was monitored by measuring optical density of the cultures at 600 nm (OD600) using a UV-Vis spectrophotometer (Biochrom, Ultrospec 50). Plating was performed on 1.5% w/v agar supplemented with the medium of interest and plates were incubated in a temperature-controlled incubator (Isotemp 500 Series, Fisher Scientific). ! 4 Table 1 Bacterial strains, conditions, and primers. Growth conditions and information of (a) PhaZ-producing strains and (b) cloning and expression strains; (c) rPhaZs primers. Purification was performed at 4 °C using His GraviTrap columns (GE Healthcare). Equilibration was done with 10 ml of B-PER II before extracted soluble fractions were applied to the column, followed by a wash with 10 ml of binding buffer (50 mM sodium phosphate, 500 mM NaCl, pH 7.4). All three solutions contained 20 mM imidazole. His-tagged rPhaZs were eluted with 3 ml of elution buffer (20 mM sodium phosphate, 500 mM NaCl, pH 7.4, with 150 mM imidazole for PhaZMal and 500 mM for all other PhaZs). 1-mL aliquots with 50% glycerol were stored at -20 °C.
Purified rPhaZs were verified through SDS-PAGE and quantified with Bradford Protein Assay (microassay procedure, Bio-Rad) using bovine serum albumin as standard.
Amicon Ultra 0.5-mL filters (Millipore) were used for PhaZCsp, PhaZMal, and PhaZRsp, which required further purification.
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Buffer exchange was done prior to assays in which imidazole and glycerol caused interference with Amicon Ultra 0.5-mL filters or dialysis (Slide-A-Lyzer MINI Dialysis Devices, 20K MWCO, Thermo Scientific).
PHB plates rPhaZs activity comparison
Rapid PHB degradation assays were performed by dispensing 100 µl of soluble 
Selection of expression platform
An E. coli-based recombinant protein production system was selected, based on its relative success to produce rPhaZs [9, [11] [12] [13] [15] [16] [17] [18] [19] and the wide commercial offer of vectors and hosts. The sequences of mature PhaZs (based on respective references) were processed using a solubility predictor (PROSO II, [29, 30] ), and the theoretical isoelectric points (pI) and molecular weights (Mw) were calculated using the Compute pI/Mw tool from the ExPASy Bioformatics Resources Portal (SIB) [31] [32] [33] (Table 2 ). Since PhaZCte was classified as insoluble (predicted solubility score 0.503), and the other PhaZs had scores (0.657-0.765) near the PROSO II threshold for solubility of 0.6, insolubility was considered a potential drawback for production of rPhaZs. To overcome potential insolubility issues, induction was performed overnight at 15 °C. In addition, extracellular PhaZs are known to be sensitive to dithiothreitol (DTT), suggesting they likely form disulfide bonds [34] ; in fact the DiANNA 1.1 web server tool predicted several disulfide bonds for the mature PhaZs used in this study [35] [36] [37] . The Relative expression levels in the SF of each PhaZ can be observed in Figure 1 (v).
Expression and purification of rPhaZs
These were qualitatively classified as very high for PhaZCte, high for PhaZPst, low for PhaZMal and PhaZRsp, and very low for PhaZCsp (Table 2) . Purification, which was especially challenging for PhaZMal, could be further improved using a combination of strategies, including doing the equilibration, sample application, and wash steps with solutions containing 50 mM imidazole -this improved purity of PhaZCte, PhaZMal, and PhaZRsp, at the expense of recovery -adding an elution step with 150 mM imidazole instead of 500 mM for PhaZMal, and using size exclusion columns. (v) SDS-PAGE of rPhaZs after imidazole elution (E: consecutive elution; * indicates a 10-fold reduction factor in the loading volume of the elution fraction). Equilibration, sample application, and wash contained 20 mM imidazole, while the elution buffer contained 500 mM imidazole, except for PhaZMal, for which 150 mM were used for E1 and E2, 100 mM for E3 and E4, 200 mM for E5 and E6, and 500 mM for E7. Arrows point to the location of rPhaZs.
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Comparison of rPhaZ activity
While PHB plates have been mostly used to screen for PHB degrading bacteria [1] , activity from expressed PhaZs has also been estimated by the diameter of clear ! 14 zones on glass slides covered by PHB-agar mix [9, 13] (this test is limited to short-term incubations due to agar drying, but is advantageous for preliminary assessment and when only small volumes of sample are available).
In this study, a rapid method using PHB plates was used to compare PhaZ activity at various pH and temperatures and provided semi-quantitative assessments of activity based on the diameter of degradation halos formed (Figure 2) . At 37 °C, degradation was observed on the first day of incubation for all rPhaZs tested, while longer incubation periods were required at 15 °C. PhaZMal showed the highest activity at 15 °C (halo observed after 1 day) compared to the other rPhaZs (halos observed after 6 days), which could be explained by its marine origin [41] . All enzymes were rendered inactive at pH 4.3 (no halos discernable) but PhaZCsp and PhaZRsp retained significant activity at pH 5.4. This is consistent with their broad pH working ranges (PhaZCsp is stable when stored at pH 5.0-8.0 [50] with optimum activity at pH 7.5 [51] , and the optimum pH range of PhaZRsp is 5.0-6.0 [52] ).
These results could be confirmed and semi-quantified by comparing the rate of change of the degradation halos under the different conditions tested (Figure 2 (ii) )).
For example, similar degradation rates were observed for all rPhaZs at 37 °C and pH 7.0, but PhaZMal had a noticeably greater rate at 15 °C and pH 7.0 (leading to ≈ 33% more degradation after 28 h). Such methods represent powerful tools for screening 
Concluding remarks
This study presents a streamlined platform for the rapid production of rPhaZs. -Pre-Printof insoluble proteins and inactive enzymes. Expression levels and purity varied for each enzyme -PhaZCte and PhaZPst saw highest expression -but they could all be recovered and retained activity. In addition, degradation activity could easily be assessed by determining the diameter of degradation halos in PHB plates. This assay can be done in parallel for the initial screening of PhaZs and conditions for diverse applications. Both the rPhaZ production platform and the modified PHB plates assay are versatile and reliable, and could be employed with other PhaZs reported in the literature or novel ones to be discovered or synthesized.
